Ostreopsis ovata is a benthic dinoflagellate that produces palytoxin and its analogues. Since the end of the 1990s, toxic blooms of O. ovata have been recorded in many tropical and temperate marine waters. These blooms often kill benthic invertebrates and cause health problems for humans. We hypothesize that increases in seawater temperature might induce these blooms. A strain of O. ovata isolated from the southern coast of Japan was selected for study. O. ovata cells were exposed to 7 different temperatures from 24 to 30°C for 30 d, and growth rates were noted. The specific growth rate was found to be highest at 25°C, next highest at 24°C and lower at 26, 28, 27, 30 and 29°C, in that order. The hypothesis that increased seawater temperature causes increases in growth rate was thus not supported. The cell toxicity and car bohydrate production of O. ovata were highest at the temperature range that is optimal for cell growth. Increasesing sea surface temperature, as a result of global warming, is therefore not likely to have a substantial effect on the bloom formation and toxicity of this Japanese strain of O. ovata.
INTRODUCTION
Over the past few decades, harmful algal bloom (HAB) incidents have increased in frequency, intensity and geographical extent (Hallegraeff 2003 , Glibert et al. 2005 . Anthropogenic activities are considered to contribute to this increase in HABs (Glibert et al. 2005) . Nutrient enrichment, overfishing, agriculture and aquaculture practices, the introduction of toxic species via ballast water dispersion or shellfish transplantation and climate changes increase HABs (Hallegraeff 2003 , Glibert et al. 2005 .
The Intergovernmental Panel on Climate Change (IPCC) predicts an increase in world average atmospheric temperatures of 1.8 to 4°C over the 21st century (IPCC 2007) . Increases of sea surface temperature (SST), acidification, change in the stratification of water masses, precipitation and the timing and volume of freshwater runoff are impacts on marine ecosystems (IPCC 2007) . These factors can have direct or indirect effects on phytoplankton growth. Climate change may therefore influence the formation and geographical expansion of HABs (Glibert et al. 2005 , Dale et al. 2006 .
Elevated seawater temperatures may favour the dominance of warm-water harmful algae species in the phytoplankton community and the extension of their range to higher latitudes (Tester et al. 2010) . This is also evidenced by the expansion and the occurrence of the tropical benthic dinoflagellate Ostreopsis ovata in temperate regions (Totti et al. 2010 , Pistocchi et al. 2011 .
Ostreopsis ovata Fukuyo is found epiphytic on red and brown macroalgae and can also grow on other benthic substrata, such as rocks, soft sediments and benthic invertebrates (Fukuyo 1981 , Faust et al. 1996 , Totti et al. 2010 . O. ovata was found to be an important component in temper-ate marine waters (Vila et al. 2001 , Adachi et al. 2008 , Shears & Ross 2009 . O. ovata produces palytoxin and its analogues, such as ovatoxin-a, b, c and d (Ciminiello et al. 2010) . Toxins produced by Ostreopsis spp. cause human fatalities -as the toxins accumulate higher up in marine food webs (fishes) -and mortality of benthic invertebrates, such as sea urchins , Taniyama et al. 2003 , Durando et al. 2007 , Shears & Ross 2009 .
Ostreopsis ovata produces copious amounts of mucilage , Totti et al. 2010 . A mucilaginous matrix helps O. ovata cells attach themselves to the substrate , Totti et al. 2010 . Mucilaginous mats adhere loosely to the substrata so that the mat can easily be resuspended in the water column by wave and mechanical action (Totti et al. 2010 ). Blooms of O. ovata are often associated with thick mucilaginous mats, which can have an ecological impact, thus their bloom expansion is of great concern . The determination of the effects of temperature increases on the growth, toxicity and carbohydrate production of O. ovata is of major interest.
Temperature regulates the growth and toxicity of Ostreopsis ovata , Pistocchi et al. 2011 . Some studies show that Ostreopsis spp. blooms coincide with increasing temperature, > 25°C (e.g. Pistocchi et al. 2011) . Other studies show that seawater temperature is not a primary driver of Ostreopsis spp. proliferation (Totti et al. 2010 , Mangialajo et al. 2011 . This suggests that the relationship between temperature and the growth and/or toxicity of O. ovata might differ among strains.
In this work, we investigated the effect of temperature on the growth, toxicity and carbohydrate production of a Japanese strain of Ostreopsis ovata.
MATERIALS AND METHODS
Ostreopsis ovata strain s0662 was obtained from the Laboratory of Aquatic Environmental Science, Department of Aquaculture, Kochi University, Japan.
Experimental set-up
Prior to commencement of the experiment, Ostreopsis ovata cells were grown in f/10 medium (Guillard & Ryther 1962) at 25°C, with a light irradiation of 140 µmol photons m −2 s −1 by cool-white Osram tubes and exposed to a 12:12 h light:dark cycle. The culture medium was prepared with filtered and autoclaved Skagerrack seawater (salinity 31 psu). Initial culture volumes of 225 ml were exposed to 24, 25, 26, 27, 28, 29 and 30°C, which varied in the range of ± 0.3°C (Fig. 1) .
Chlorophyll a was determined fluorometrically (Turner Designs 10-AU) after filtration of sub-samples (5 to 10 ml) through Whatman GF/C (25 mm) glass microfibre filters and ethanol extraction of the filter for 2 h in the dark at room temperature (Jespersen & Christoffersen 1987) . When the cultures reached stationary phase, chlorophyll a levels were analysed daily. The samples for cell counts were preserved with acidic Lugol's solution, settled in a Palmer-Maloney counting chamber (0.1 ml) and were manually counted on an inverted microscope (Olympus CKX 41) at 200× magnification (Palmer & Maloney 1954) .
Samples for toxin analyses (15 to 25 ml) and for analyses of particulate and dissolved carbohydrate concentrations (2 ml) were drawn from each replicate on Day 10, 16, 24 or 26, corresponding to the early and mid-exponential and mid-stationary phases based on chlorophyll a growth curves. The cultures were manually well mixed before each sampling to homogenize the samples.
The experiment was terminated after the growth curves entered the decaying phase with the final harvest at Day 30. The specific growth rate (μ) of each treatment was calculated during the exponential growth phases using the following formula:
where N 1 and N 2 are cell densities at time t 1 and t 2 . Inorganic nitrogen (NO 3 − ) and phosphorus (PO 4 3− ) analyses were performed during the stationary and (24, 25, 26, 27, 28, 29 and 30°C) decaying phases using the standard methods for seawater analyses (Valderama 1995) .
Haemolytic activity
Sub-samples were filtered onto Whatman GF/C (25 mm) 1.2 µm mesh size glass microfibre filters and were stored at -20°C prior to analysis. The cells retained on the filters were extracted in 1.5 ml of methanol for 30 min in the dark. The filtrates of these samples were tested for toxicity as well.
Measurement of the haemolytic activity of Ostreopsis ovata cells was based on the method of Igarashi et al. (1998) and Stolte et al. (2002) , with some modifications. Briefly, O. ovata cells methanolic extracts and cell-free medium were mixed in different ratios (4 to 50% of extracts or 8 to 100% of filtrates) with isotonic phosphate buffer (IPB) in 96-well micro plates (total volume 50 µl), after which 200 µl of 1% horse blood cell suspension in IPB was added and incubated for 4 h. Saponin (Sigma S-2149) in IPB (0 to 48%) was used to produce a standard haemolytic curve as the reference. The haemolytic activity was measured as absorbance at 405 nm with a microplate reader (FLUOstar OPTIMA, BMG LABTECH). The methanol haemolytic activity, at the volumes used in the test for the cell extracts, was also determined, to check the possible toxic effect of methanol that could be interpreted as the toxin itself. All the tests were performed in duplicate.
The haemolytic activity of Ostreopsis ovata cells was calculated relative to saponin haemolytic activity and expressed as ng saponin equivalent per cell (SnE cell −1 ). The HE 50 of methanolic O. ovata cell extracts (the equivalent cell concentration that causes 50% haemolysis of a horse red blood cell standard) was determined by a linear fit between the log of O. ovata cell concentration in each dilution vs. the percentage of haemolysis. A linear fit (% haemolysis = a + bx log cell concentration) was made in Excel and solved for the percentage of haemolysis = 50. The HE 50 of the saponin dilution series was determined in the same way. The haemolytic activity of O. ovata as SnE cell −1 was then calculated by dividing the HE 50 of the saponin series (ng ml −1 ) by the HE 50 of the O. ovata methanolic extract (equivalent cell ml −1 ).
Carbohydrate analysis
Aliquots of 2 ml of Ostreopsis ovata cultures from each replicate were transferred to Eppendorf tubes and centrifuged for 10 min at 10 000 × g (Eppendorf 5417C). The supernatants were transferred to clean Eppendorf tubes without disturbing the cell pellets. Both the cell pellets and supernatants were stored at −20°C until analysis.
The cell pellets, after adding 1.2 ml of 1M H 2 SO 4 , were incubated for 1 h in a boiling water bath and thereafter centrifuged for 5 min at 300 × g (Eppendorf 5417C). The total carbohydrate content in the solution (particulate carbohydrates) was determined by the phenol-sulphuric method using D-(+)-glucose as a standard (DuBois et al. 1956 ). The cell-free medium, without further preparation, was tested for dissolved carbohydrate (DuBois et al. 1956 ).
Particulate and dissolved carbohydrate concentrations were expressed as ng of D (+) glucose equivalent per cell. The term 'particulate carbohydrates' in our experiment collectively include both intra-and the extra-cellular carbohydrates that aggregate to form the mucilaginous matrix.
Statistical analyses
Statistical analysis were performed with GraphPad PRISM using analysis of variance (ANOVA) and Tukey's pairwise comparison test to determine the significance of the differences observed for the maximum growth rates, maximum biomass accumulations and toxin levels per cell among the different temperatures. The differences in particulate and dissolved carbohydrate concentrations between the different growth phases in each treatment were statistically compared using repeated-measures 2-way ANOVA.
RESULTS

Growth rates, biomass accumulation and inorganic nutrient concentrations
The biomass of Ostreopsis ovata, expressed as chlorophyll a, increased at all the tested temperatures ( Fig. 2) . Chlorophyll maxima were reached between Days 19 and 27 at all temperatures (Fig. 2) . High chlorophyll a values were found at 24 to 25°C (186 ± 1.84 and 182 ± 11.6 µg l −1 , respectively). The lowest values (<174 µg l −1 ) were found above 26°C (Fig. 2) . When biomass is expressed as cell numbers, the maximum cell densities (4.0 ± 0.06 × 10 3 cells ml −1 ) were found at 26°C and the lowest cell numbers at 30°C (2.8 ± 0.1 × 10 3 cells ml −1 ) ( Fig. 3) . Maximum specific growth rates (μ) based on cell densities were found between Days 4 and 10 (early exponential phase) for all cultures. The highest growth rates were recorded at 25 and 24°C (Fig. 3) . The lowest growth rates, 0.22 ± 0.01 and 0.23 ± 0.1 d -1 , were observed at 29 and 30°C, respectively.
At the termination of the experiment, the NO 3 − and PO 4 3− concentrations in the cultures were in the ranges of 0.57 to 0.83 µM and 1.23 to 2.40 µM, respectively.
Haemolytic activity
Haemolytic activity was only found during the decaying phases for all temperatures. The activity varied in each treatment.
The highest cell toxicities were found in the cultures that grew at 25°C (0.70 ± 0.15 SnE cell −1 ). The next highest were found at 29 and 24°C (0.64 ± 0.03 and 0.62 ± 0.22 SnE cell −1 , respectively). The lowest toxicities, 0.46 ± 0.01 SnE cell −1 were found at 27°C (Fig. 4) . Toxin levels at lower temperatures (24 to 25°C) were higher. However, no statistically significant differences were found among the treatments (ANOVA, p > 0.05). In the filtrates, the toxicity levels were below analytical detection.
Particulate and dissolved carbohydrate concentrations
Particulate carbohydrate concentrations were statistically significantly higher during the stationary and decaying phases, compared to the exponential phase (repeated-measures 2-way ANOVA, p < 0.0001). Until Day 10, carbohydrate concentrations During the exponential and stationary phases, HA levels were below analytical detection were under analytical detection levels in all cultures. The lowest carbohydrate levels were recorded during the mid-exponential phase in all treatments. The carbohydrate concentrations during the mid-exponential phase remained at comparatively low levels (0.15 to 0.56 ng cell −1 ). Slightly higher concentrations were found at higher temperatures (Fig. 5a ). During the stationary and decaying phases, the highest carbohydrate concentrations were found at lower temperatures (24 to 25°C) and the lowest concentration at higher temperatures (repeated-measures 2-way ANOVA, p < 0.0001). The maximum particulate carbohydrate levels found in this study ranged between 1.0 to 1.9 ng cell −1 , and the lowest were ~0.30 ng cell −1 (Fig. 5a ). Except in the early exponential phase, the dissolved carbohydrate concentrations of all the harvests were detectable. However, in no instance did the levels exceed 0.37 µg ml −1 , which is equivalent to 0.2 ng cell −1 . Significantly higher concentrations were found only in the decaying phase compared to the exponential and stationary phases, for all treatments (repeated-measures 2-way ANOVA, p < 0.01), but no statistically significant differences were found among the temperature treatments (Fig. 5b) .
DISCUSSION
The growth rate of Ostreopsis ovata increased over the range of 24 to 25°C and declined from 26 to 30°C. The maximum stationary biomass levels were recorded at 26°C. Haemolytic activity was only detectable during the decaying phase. O. ovata showed the highest toxicity at 25°C and the lowest toxicity from 27 to 28°C. Significantly higher particulate carbohydrate concentrations were found in the stationary and decaying phases of the cultures at 24 to 25°C.
In this study, we found that both the toxicity and carbohydrate production of O. ovata were higher at the temperatures of 24 to 25°C, which are optimal for cell growth.
Cell growth and biomass accumulation
Ostreopsis spp. occur in high cell densities during warmer periods (Pistocchi et al. 2011 and references therein) . We found that O. ovata show a typical growth at 24 to 30°C, with the optimum at 24 to 25°C. In Tei port, on the Southern Japanese coast, where our O. ovata strain originated, Ostreopsis spp. occur over a wide temperature range, 15 to 30°C, and with high cell densities (~1000 cells g −1 macroalgae) above 25°C (Adachi et al. 2008, M. Adachi pers. comm.) . We found the maximum O. ovata biomass at 26°C. Growth rates at 24°C were also high, which indicated that the lower thermal threshold might be below 24°C. O. ovata might therefore thrive at temperatures below those we tested. Different species or strains in different environments demonstrate different optimum growth temperatures. For instance, a Tyrrhenian Ostreopsis ovata strain showed optimal growth at 26 to 30°C, whereas an Adriatic strain showed optimal growth at 20°C , Granéli et al. 2011 ). In line with our findings, 2 tropical strains of Ostreopsis siamensis and O. heptagona had maximum growth rates at 25°C, and the rates decreased with higher temperatures (Fig. 6) (Morton et al. 1992 ). The growth rates of several dinoflagellate species, e.g. Gambierdiscus toxicus, Amphidinium carterae and Coolia monotis, show correlations with increased temperature (Tomas et al. 1989 , Morton et al. 1992 ). Granéli et al. (2011) found, for a Mediterranean Ostreopsis ovata strain, a linear increase of maximum growth rates with a slope of ~0.04° d −1 C −1 in relation to temperature increases from 16 to 30°C. No such correlation was found for O. ovata in this study. In comparison, higher temperatures, 27 to 30°C, increased the growth of the Mediterranean strain (Granéli et al. 2011 ), while we found a decrease in the growth of O. ovata from Japan.
Temperature is an important factor in defining the biogeographic boundaries within which a species can live (Dale et al. 2006) . Therefore, different strains of the same species can be expected to have different optimal temperatures for growth. This may be attributed to genetic adaptations to local environmental conditions, and this adaptation may explain why the growth of different strains of Ostreopsis ovata can have such differing temperature optima.
Cell toxicity
Cell toxicity, measured as haemolytic activity, of Ostreopsis ovata was highest during the decaying phase. This is in accordance with many studies of phytoplankton species that produce toxins, i.e. that toxicity per cell is highest during the stationary and decaying phases (Granéli & Flynn 2006 , Granéli et al. 2011 .
High algal cellular toxicity levels are usually associated with stress caused under unfavourable condi-tions for algal growth (Ogata et al. 1989 , Johansson & Granéli 1999 , Ashton et al. 2003 , Gedaria et al. 2007 ). The toxicity of other phytoplankton species has been found to inversely correlate with growth rates (Ogata et al. 1989 , Ono et al. 2000 , Gedaria et al. 2007 ). A similar relationship, i.e. a significant increase in cell toxicity as specific growth rates decreased as a result of temperature conditions that are not optimal, has been found in a Mediterranean Ostreopsis ovata strain (Granéli et al. 2011) . We found only a slight increase in toxicity at low temperatures (24 to 25°C), which, however, was not statistically significant. This implies that temperature increases may not have any impact on cell toxicity of the strain from Japan, as opposed to the Mediterranean strain studied by Granéli et al. (2011) .
The haemolytic potency of toxins produced by Ostreopsis spp. is usually lower than that of other toxic phytoplankton species, such as Prymnesium parvum, Amphidinium carteri, A. klebsii and Gambierdiscus toxicus (Nakajima et al. 1981 , Yasumoto et al. 1987 , Johansson & Granéli 1999 . For example, the haemolytic activity (HA) of toxins produced by A. klebsii and G. toxicus were found to be around 6.6 and 29 SnE cell −1 respectively (Nakajima et al. 1981 ), while P. parvum can have toxin levels as high as 42 SnE cell −1 under favourable conditions and as high as 257 to 288 SnE cell −1 under N or P limitation (Johansson & Granéli 1999) . The low HA of Ostreopsis toxins may be attributed to delayed haemolysis, which occurs with palytoxin and its analogues (Habermann et al. 1981) .
Variations of toxin production occur among different species as well as different strains. The genus Ostreopsis also exhibits strain variance in toxin production (Rhodes et al. 2010) , as do many other phytoplankton species, such as Alexandrium tamarense (Ogata et al. 1987) and Gambierdiscus toxicus (Bomber et al. 1989 ). Guerrini et al. (2010) found that, under the same environmental conditions, an Adriatic strain of O. ovata produces less palytoxins on a biovolume basis than a Tyrrhenian strain. Rhodes et al. (2010) found different toxicity levels for Ostreopsis siamensis strains isolated from New Zealand.
We found that the Japanese strain was less toxic than the Mediterranean strain at 24 to 26°C (Fig. 7 ) (Granéli et al. 2011) . The most toxic Ostreopsis ovata strain described in the literature is from Brazilian waters, while the Japanese strain is the least toxic. A lack of toxicity and low levels of toxicity were found in strains of O. ovata isolated from Okinawa, the Cook Islands and the Virgin Islands (Nakajima et al. 1981 , Tindall et al. 1990 , Rhodes et al. 2010 (Nakajima et al. 1981) , which lies within the range of toxicities found for the strain used in our study. Toxin production in phytoplankton can be regulated both by intrinsic and extrinsic factors (Granéli & Flynn 2006) . A clear genetic distinction was found between the Atlantic/Mediterranean and the Indo-Pacific isolates of Ostreopsis ovata (Penna et al. 2010) . This is surely related to not only the structural and genetic diversity but also the toxin profiles among different O. ovata strains.
Carbohydrate production
Our results indicated that actively growing Ostreopsis ovata cultures did not accumulate carbohydrates at any temperature. However, accumulation was evident in the stationary and decaying phases.
The higher values we found for O. ovata (1.0 to 1.9 ng cell −1 ) at lower temperatures (24 to 26°C) are of the same order as those found for the benthic dinoflagellate Prorocentrum lima (1.34 ng cell −1 ), grown at 20°C . The increase in the production and accumulation of particulate carbohydrates as the growth rates decreased might be due to the increase in release of extracellular carbohydrates rather than an increase in the internal pool of carbohydrates (Liu & Buskey 2000) . A similar pattern of higher accumulation of carbohydrates during the stationary and decaying phases was also found in some diatoms and marine flagellates (Guillard & Wangersky 1958 , Guerrini et al. 1998 , Liu & Buskey 2000 , Wolfstein & Stal 2002 . Prymnesium parvum cultures accumulated levels of carbohydrate during the stationary phase that were 10-fold higher than those during the exponential phase (Guillard & Wangersky 1958) . Phytoplankton were found to produce more polysaccharides when no nitrate and phosphate were left in the medium but when carbon was still available for photosynthesis (Myklestad 1995) . Accumulation of extracellular material occurred in stationary-phase cultures because the cells continued production after growth ceased (Myklestad 1977) .
Extracellular polymeric substances (EPS), which are mainly composed of polysaccharides, are the ultimate products of photosynthesis and are excreted within a few hours of their synthesis (Underwood et al. 2004 ). This process can be affected by several other environmental factors, such as nutrient limitation, salinity, irradiance and temperature (Liu & Buskey 2000 , Wolfstein & Stal 2002 . We found, during stationary and decaying phases, that there was a significant decrease in particulate carbohydrate levels at the higher temperatures. The maximum levels were found at temperatures optimal for growth. Similarly Claquin et al. (2008) found that some diatoms grown at the optimal temperatures produced maximum levels of EPS, which decreased with increasing temperature. The highest EPS production per chlorophyll a unit of Cylindrotheca closterium was not recorded at the optimal growth temperatures (15 and 25°C) but at a lower temperature (4°C) (Wolfstein & Stal 2002) . We found that the particulate carbohydrate levels, normalized to cell numbers, cell biovolume (data not shown) and chlorophyll a content, showed a similar decreasing trend at increasing temperature. Therefore, it is clear that our results were not masked by the high cell biomass recorded at lower temperatures. There seems instead to be a direct effect of low temperature on the enhanced production and accumulation of carbohydrates.
It should also be stressed that the mucilage formed by Ostreopsis ovata cultures might hamper adequate homogenization during sampling. This can possibly affect the individual values, and thus the variations of carbohydrate accumulation found in our study in relation to temperature. However, based on the cell counts and chlorophyll measurements, which only showed small deviation between replicates, we could assume that our cultures were well homogenized. We therefore believe that the variation of carbohydrate accumulation that we found represents the natural variation occurring in O. ovata cultures in relation to temperature and/or growth phase. Several hypotheses have been proposed to explain the potential benefits of enhanced EPS production by microalgae. These exudates may protect the cells against grazing and adverse environmental conditions, such as desiccation and dehydration (Liu & Buskey 2000 , Underwood et al. 2004 . EPS may provide means of motility and dispersion for benthic diatoms and dinoflagellates (Wolfstein & Stal 2002) . EPS was also found to stimulate bacterial nutrient re-mineralisation (Guerrini et al. 1998) . For example, the dinoflagellate Gonyaulax spp. and the diatom Cylindrotheca fusiformis have competitive advantages over other phytoplankton species because their gelatinous matrix creates a nutrient-rich environment for them, either by scavenging the nutrients present in the surrounding seawater or by withholding microbes in the matrix that will accelerate nutrient remineralisation (Guerrini et al. 1998 , MacKenzie et al. 2002 . Producing mucilage may also be beneficial for the growth of Ostreopsis ovata in several ways. The mucilaginous matrix may help O. ovata to aggregate, thus facilitating their movement in the matrix, but may also help O. ovata to attach to the substrate (Bomber et al. 1988 . Most O. ovata blooms have been reported as consisting of thick layers of gelatinous masses covering seaweeds, corals, rocks and sediments , Totti et al. 2010 . Thus, high polysaccharide accumulation represents high algal biomass.
CONCLUSIONS
The growth and toxicity of the Ostreopsis ovata strain, isolated from Tei Port, Japan, did not show a correlation with the seawater temperatures tested in this experiment (24 to 30°C). The optimum growth temperature range was 24 to 25°C. Higher toxicities were also found at these temperatures. Growth did not increase at temperatures above 28°C, but there was a slight increase in cell toxicities. Particulate carbohydrate concentrations were significantly higher during the stationary and decaying phases of growth at lower temperatures (24 to 25°C). This implies that mucilage production aided O. ovata growth.
Our study suggests that the increases in sea surface temperature as a result of global warming may not affect the expansion, occurrence, biomass and cell toxicity of the Ostreopsis ovata Japanese strain to the degree expected for other strains, for example those in the Tyrrhenian Sea. 
